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!! Are the environmental life cycle aspects of the new composite materials 
and technology innovation being evaluated in the design and 
development of next-generation land-based and offshore wind 
technology?  

Question 4 
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!! 1st generation of WT blades are reaching end of life. Most waste is sent to landfill. 

!!  Macroscopic quantitative assessment of environmental life cycle impacts: 
 1) Analyze global data to calculate the amount of WT blade materials consumed in the past; 
 2) Consider eco data for raw materials, manufacturing, transportation, operations and 
    maintenances. 

!! Main findings: 
 1) A typical 45.2 meter 1.5 MW blade: 795 GJ (CO2 footprint 42.1 tonnes), dominated 
     by raw materials and manufacturing processes (96% of the total).  
 2) Based on the 2014 installed capacity, the total mass of WTB is 78 kt, their energy 
     consumption is 82 TJ and the carbon dioxide footprint is 4.35 Mt.  
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Environmental Life Cycle Impacts of Wind Turbine Blades   

 
 
 
 
 
 

that of an early stage model (250 kW), but the unit energy consumption is similar. Crawford [7] 
evaluated the energy consumptions of 850 kW and 3 MW turbines. He found the energy consumption 
to be significantly higher than previous studies and that the size of wind turbines did not appear to be 
an important factor in optimising their life cycle energy performance. In all these studies the 
environmental impact of the blades has considered only the major materials (fibre and resin), with 
rated power used to estimate turbine size, so a number of contributing factors have been omitted. The 
present study looks at the environmental impact of all stages of the wind turbine blade lifecycle with a 
spectrum of blade models and a range of industry development scenarios. Analysis of the contributing 
factors provides insight into ways in which the environmental impact can be reduced. 

2.  Approach 
Bills of materials (BOM) were obtained for 20 different blades from three different wind turbine blade 
manufacturers. Eco-data from the 2015 CES Selector database [8] was used to calculate the energy 
consumption, carbon dioxide emissions and water consumption during the life cycle (manufacture, 
transport, operation and maintenance stages) for different sizes, materials and regions. Visual 
disturbance, noise and ecological disturbance are not considered in this study. The system boundary 
was limited to the blade factory, transport route and wind farm.   

2.1.  Bill of materials 
The analysis included all the materials used in blade manufacture categorised as major materials, 
supporting materials and consumables as shown in table 1. Personal protection equipment (e.g. gloves 
and masks) and reusable manufacturing equipment (e.g. scissors and moulds) are not included.  
 

Table 1. Materials listed in the bill of materials. 

Major Supporting Consumable 
Carbon fibre UD Steel accessories Continuous filament 

mat 
Resin flow pipes 

Glass fibre UD Copper accessories Peel-ply/release film T-fitting and infusion 
valve 

Glass fibre multi-
axial fabric 

Aluminium 
accessories 

Vacuum bag film Mould cleaner and 
releasing agent 

Resin Balsa Porous membrane Hand Spray 
adhesives 

Resin Curing agent PVC Flow mesh layer Gel coat 
Structural adhesives Paint Breather bleeder  
Structural adhesive 

curing agent 
Putty Vacuum bagging 

sealant tape 
 

 
2.2.  Embodied energy 
Data from the 2015 CES Selector [8] was used to calculate the embodied energy of the material in the 
blades. The CES data for glass fibre reinforced plastic (GFRP) and carbon fibre reinforced plastic 
(CFRP) was found to be in error, being much higher than the sum of fibre fabric and resin, so our 
calculations for these materials are based on data from the literature. The results of unit embodied 
energy, carbon dioxide emissions and water consumption are shown in figure 1.  
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Table 5. O&M energy consumption and CO2 emission for a 10 tonne blade. 

 Energy(GJ) CO2(t) 

O&M@1.5% 12.6 0.66 

O&M@3.0% 25.2 1.32 

O&M@4.5% 37.8 1.97 
 

2.3.4.  End-of-life. A few possible recycling methods for fibre reinforced plastics have been identified 
in the literature, but the technology is not mature and most blades are currently sent to landfill. The 
environmental impact is assumed to be zero. 

2.4.  Energy payback time 
Wind turbine energy generation (
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in the form of an equilateral triangle connected by steel beams and braces. For the deep-water
location, all parts are assumed to be assembled onshore, including the foundation, by considering
the same equipment as that for an onshore installation. Upon completion, the entire wind turbine is
assumed to be towed to the designated deep-water location. The turbines are assumed to be connected
with a medium voltage of 36 kV (Standard Voltage Level) and weigh approximately 20 to 40 kg/m.
Cable connection length is estimated to be 1000 m for each turbine. The transformer is not considered
to be part of this evaluation [39].

Table 3. Total fuel consumption by hours per equipment worked (in L) [40–43].

Onshore Offshore Shallow-Water Offshore Deep-Water

Equipment Fuel Consumption
(L) Equipment Fuel Consumption

(L) Equipment Fuel Consumption
(L)

Generator 418 Pull tunga boat 591 Crane 620.1
Crane 620.1 Workboat 148.5 Forklift 64.0

Truck Mixer 69.7 Crane 620.1 Tugboat 628

Truck Gravel 74.7 Self-propelled
jack-up barge 21,330 Auxiliary boats 297

Forklift 64.0 Hydraulic Hammer 44.3
Excavation digger 44.1

2.1.5. Operation and Maintenance (O&M)

Results from previous LCA studies show that the emissions and the energy consumption during
the O&M phase are very low with an average of 2% [11–13,15,44–46]. It should be noted that this value
represents emissions for routine maintenance and inspection that includes oil change, lubrication,
and the fuel consumption from transportation. The frequency of material being replaced and a wind
farm’s location also induce an additional degree of variability. This study considers that no major part
is replaced during the 20-year lifetime and that half of the gearbox (steel and cast iron) is replaced
every 5 years, which is more conservative than the typical 10-year replacement period suggested by
previous studies [11,47]. Other assumptions include a routine inspection being conducted every year
in addition to the 3-year oil change.

2.1.6. Turbine End of Life

This phase represents an important part of the life cycle assessment that could contribute to
an improvement in the overall environmental impact by crediting the emissions released during
the manufacturing phase. Steel represents 80% of the total amount of wind turbine material and typical
wind turbines are installed in tubular steel structures that can be infinitely recycled. Table 4 presents
the material type, disposal methods and U.S. recycling scenarios for aluminum and steel.

Table 4. Disposal and recycling strategy * [48].

Material Type Disposal Method

Iron 90% Recycling
Fiberglass 100% Landfill

Oil 100% Combusted
Plastic PVC 100% Landfill
Aluminum 55.1% Recycling

Steel 90% Recycling
Copper 90% Recycling

Concrete 100% Landfill

* Assumption that an onshore foundation (concrete and ferule) is covered and left on the ground.
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!! Are the environmental life cycle aspects of the new composite materials 
and technology innovation being evaluated in the design and 
development of next-generation land-based and offshore wind 
technology?  
"! It is important to evaluate how new materials, bigger blades, taller 

towers and foundation designs, and advanced manufacturing 
processes affect life cycle environmental impacts of wind turbine 
structures.   

"! Consider impacts on birds, bats and ecosystem. 
"! Explore new strategies to reduce life cycle environmental impacts, 

especially during raw materials and manufacturing processes. 

Question 4 
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!! There is a growing need for monitoring techniques and systems, which 
can provide information about structural defects and potential damage in 
next-generation and offshore wind turbines, such as instances of fatigue 
cracking or higher than expected levels of vibration.  

!! What type of monitoring technology is currently used in the field? Is there 
any need to develop or improve technologies that provide accurate and 
real-time data for proactive maintenance in larger land-based and 
offshore technologies?  

Question 5 
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!! Visual inspection (new developments include 
videoscope, flying remote visual inspection 
device, etc.) 

!! Vibration analysis (e.g., compare mode shapes 
between the reference and an inspection stage.)) 

!! Point-based strain measurements (conventional 
strain gauges or optical fiber sensors)  

!! Acoustic emission method  
!! Ultrasonic testing techniques 
!! Radiographic inspection 
!! Thermal imaging method 

Structural Health Monitoring and Damage Detection 
Methods for Wind Turbines 

Smarsly et al. First International Conference on 
Performance-Based Lif-Cycle Structural 
Engineering, 2012  

Tchakoua et al., Energies, 2014  
Li et al., Smart Mater. Struct., 2015 

Ciang et al., Meas. Sci. Technol., 2008 
Schubel et al., Renew. Energ., 2013 
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Current SHM Methods 
Current 
methods  Blade monitoring Steel tower 

monitoring 
Concrete tower 

monitoring 

Visual inspection 

•! Limited to surface visible damage 
 

Vibration 
analysis  

•! Requires the deployment of a variety of sensors and            
computationally intensive analysis techniques;  

•! Focuses on global behavior rather than local damage;  
•! Affected by environmental change, e.g., weather change 

affects the modal behavior.  

Point-based 
strain 

measurements  

•! Not sensitive to damage away from the sensor locations;  
•! Only measures surface strain change at sensor locations;  
•! Difficult to detect concrete cracking, damage or degradation. 

Skyspecs, https://skyspecs.com/skyspecs-solution/autonomous-inspection/  
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Current SHM Methods 
Current 
methods  

Blade 
monitoring 

Steel tower 
monitoring Concrete tower monitoring 

Acoustic 
emission 
method  

•! Must be near damage source 
for accurate measurement;  

•! High cost;  
•! Data contamination due to 

noise and secondary source.  

•! High signal attenuation in 
concrete;  

•! Data contamination due to 
noise and secondary source.  

Ultrasonic 
techniques 

•! Power hungry instrumentation;  
•! Environmental condition significantly influences test quality.  

Radiographic 
inspection 

•! Sensitive to cracks and voids;  
•! Does not evaluate global structural performance;  
•! Expensive instruments, and labor intensive.  

Thermal 
imaging 

•! Lower resolution;  
•! Labor intensive;  
•! Unsuitable for early fault detection because T develops slowly. 

Li et al., Smart Mater. Struct., 2015 

Tchakoua et al., Energies, 2014  
Ciang et al., Meas. Sci. Technol., 2008 

Liu et al., Renew. Energ., 2010 
Márquez et al., Renew. Energ., 2010 

Schubel et al., Renew. Energ., 2013 

Ruan et al., Smart Mater. Struct., 2014 
Rumsey & Paquette., Proc. of SPIE, 2008 
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!! What type of monitoring technology is currently used in the field? Is there 
any need to develop or improve technologies that provide accurate and 
real-time data for proactive maintenance in larger land-based and offshore 
technologies?  
"! The size of wind turbines has increased over the years. It is difficult to 

perform inspection and maintenance (height, remote and offshore 
location) 

"! Continuous monitoring is extremely important to improve safety, 
minimize down time, provide reliable power generation, and lower 
costs related to maintenance and logistics (especially that the turbine 
price increases with larger capacity).  

"! Research on reliable, low cost, continuous and spatial  damage 
sensing that can be integrated into a wind turbine system would be 
beneficial to reduce life-cycle costs and to make wind energy more 
affordable.  

Question 5 
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